Abstract Gait rehabilitation after stroke often utilizes treadmill training delivered by either therapists or robotic devices. However, clinical results have shown no benefit from this modality when compared to usual care. On the contrary, results were inferior; perhaps, because in its present form it is not interactive and at least for stroke, central pattern generators at the spinal level do not appear to be the key to promote recovery. To enable gait therapy to be more effective, therapy must be interactive and visual feedback appears to be an important option to engage patients' participation. In this study, we tested healthy subjects to see whether an implicit ''visual feedback distortion'' influences gait spatial pattern. Subjects were not aware of the visual distortion nor did they realize changes in their gait pattern. The visual feedback of step length symmetry was distorted so that subjects perceived their step length as being asymmetric during treadmill training. We found that a gradual distortion of visual feedback, without explicit knowledge of the manipulation, systematically modulated gait step length away from symmetry and that the visual distortion effect was robust even in the presence of cognitive load. This indicates that although the visual feedback display used in this study did not create a conscious and vivid sensation of self-motion (the properties of the optical flow), experimental modifications of visual information of subjects' movement were found to cause implicit gait modulation. Nevertheless, our results indicate that modulation with visual distortion may require cognitive resources because during the distraction task, the amount of gait modulation was reduced. Our results suggest that a therapeutic program involving visual feedback distortion, in the context of gait rehabilitation, may provide an effective way to help subjects correct gait patterns, thereby improving the outcome of rehabilitation.
Introduction
Gait rehabilitation therapy often employs treadmill training delivered by either therapists or robotic devices, and it has been applied to stroke (Plummer et al. 2007; Goldshmit et al. 2008) , spinal cord injury (Dietz and Harkema 2004) , or traumatic brain injury (Seif-Naraghi and Herman 1999) . The underlying hypothesis is that intensive, repetitive movements mimicking the kinematics of healthy subjects' gait might strengthen spinal cord central pattern generators and improve the ability to control the limb (Werner et al. 2002; Aagaard 2003; Dietz 2003; Plummer et al. 2007) . Although treadmill training with body-weight support has been shown to promote activity-dependent plasticity, thus enhancing the motor recovery after a stroke and spinal cord injury (Fouad and Pearson 2004; Plummer et al. 2007) , at least for stroke, the effects of treadmill training in rehabilitation delivered by either therapists (LEAPS study) or robotic devices (such as Lokomat) led to inferior results when compared to conventional therapy (Hornby et al. 2008; Hidler et al. 2009 ). Among potential ways to enhance the effectiveness of treadmill training in stroke recovery and move beyond concepts of central pattern generation, it may be critical to promote interactive participation of the subject in the training stimulating motor learning processes and leading to better functional outcomes (Schmidt and Young 1991; Winstein 1991; Young and Schmidt 1992) . Hence, rehabilitation strategies often integrate some form of visual or audio feedback to promote patients' participation (Krebs et al. 2000; Duschau-Wicke et al. 2010) . In particular, visual feedback can be used to engage the patient in an interactive game and to promote motor learning by providing a measure of subjects' training performance (''knowledge of results'' and ''knowledge of performance''). For instance, manipulating the visual feedback for hand rehabilitation showed enhanced therapeutic outcomes (Brewer et al. 2008) . Additionally, visual feedback might influence correction of patients' gait movement patterns (Rossignol et al. 2006 ). This paper describes our efforts to manipulate visual feedback in the context of treadmill training and also to examine its feasibility as a novel rehabilitation strategy for the MITSkywalker (Bosecker and Krebs 2009) , which is a mechanized gait trainer employing the concept of passive-walkers (Collins et al. 2001) and enabling the expression of natural dynamics of lower limbs. In this study, we have investigated in healthy subjects the role of implicit visual feedback distortion on a task designed to influence modulation of gait symmetry. The right and left step lengths during treadmill training were measured and displayed to subjects. While subjects were unaware, we distorted the visual feedback of the step lengths. Our hypothesis was that implicit visual feedback distortion could affect the stepping pattern of healthy subjects, influencing gait symmetry. Of notice, while much of the literature would suggest that gait is primarily the domain of central pattern generators (CPG) (Dietz 2003) , a positive outcome would indicate the importance of supraspinal functions in gait control and suggest a path to introduce such distortions during gait rehabilitation.
Materials and methods

Subjects
Twelve young healthy volunteers with normal vision (6 males and 6 females; mean age, 27.3 ± 2.8 years) participated in the experiment with visual distortion. All of the subjects were naïve to the experiment, were familiar with walking on a treadmill, and gave informed written consent before participating. The experimental protocols were approved by the Massachusetts Institute of Technology Committee on the Use of Humans as Experimental Subjects (COUHES).
We also employed data collected during the design phase of our experimental protocol with nine subjects to exemplify the variability in step length symmetry during normal treadmill walking (no-distortion/no-distraction).
Experimental setup
Subjects practiced walking on a treadmill for 10-15 min and determined their comfortable walking speed (range, 2.9-3.7 km/h). They continued to walk comfortably on the treadmill with a visual display providing feedback of their step lengths. The instruction given to subjects was succinct. They were instructed to walk comfortably while looking at the visual display during the entire walking period. A computer screen (17 00 LCD monitor with 1,280 by 1,024 pixel resolution) was placed in front of the treadmill.
The visual feedback included the step length represented by two bar graphs depicting the right and left step size (Fig. 1 ). The step length was defined as the distance between two feet when a heel-strike occurred for one leg. The visual feedback consisted of the height of the bars representing the instantaneous distance between two feet, so that the bars gradually increased during the swing phase (two feet moving apart). The bar's maximum height occurred when a heel-strike occurred on the corresponding side, and the maximally displayed bar trace stayed on until the following swing phase began. We explained to the subjects the meaning of the bar graph, and they indicated full comprehension during the initial practice without any distortion. During the distortion task, we distorted the length of the bar representing the right side in increments of 2% of the actual step length. For example, 4% of distortion changed the scaling factor between the actual right step length and the displayed bar height from 100 to 104%. In this way, subjects visually perceived that their right step length was 4% longer than the actual length during visual distortions.
Step length was collected using an electromagnetic tracking system (TrakSTAR system, Ascension Technology Corporation, Burlington, VT). Two wired sensors (19.8 mm long and 7.9 mm wide) were placed bilaterally over the toe regions; the transmitter, which tracked the position of sensors, was located in front of subjects.
Procedure
The distortion experiment was divided into two blocks. Each block lasted 8.5 min with the first minute consisting of steady walking at the subject's preferred speed without any distortion followed by 6.5 min of visual distortioninfluenced walking. The block ended with 1 min of walking without distortion. During the entire 8.5-min trial, subjects kept looking at visual feedback display as instructed. The distortion was gradually increased by increments of 2% up to 114% and then decreased by 2% down to 100%, which represented initial (no-distortion) level. Each distortion level lasted for 30 s. After 20 min of rest, subjects initiated the second block which included a distraction task in addition to the procedure employed during the first block. The distraction task consisted in asking subjects to subtract 7 out loud starting at 1,000 ).
Data analysis
The primary measurement used in this study was step length symmetry. The ratio (%) between left and right step length was calculated for each stride to create the step symmetry value. Thus, a step symmetry value greater than 100% meant that the right step was shorter than the left step and vice versa for values smaller than 100%. Post hoc multiple comparisons followed by one-way ANOVA were employed to examine whether there was a significant variation in gait step symmetry over the entire trial. A Bonferroni correction (0.05/15 = 0.0033) was applied to examine changes in the symmetry metric from baseline to baseline.
The mean step symmetry values over different distortion levels (with 30 s period at each level) were calculated per subject and used to test the changes in step asymmetry induced by visual distortion. These parameters were also used to compare the changes in step asymmetry between the conditions of no cognitive load (no-distraction) and of cognitive load (with-distraction). Since there were two variables (distortion level and distraction condition) observed to affect step length symmetry, we employed two-way repeated measures ANOVA to examine whether there was a significant effect of distortion level and cognitive load (distraction condition) on the changes in step length symmetry.
If we observed significant differences with the ANOVA, we determined at what visual distortion level the step symmetry differs (at a 5% level). This procedure was carried out separately when increasing the distortion and when decreasing it for both distraction and no-distraction conditions. To investigate the effect of distraction on step length symmetry, we performed a paired t test comparing the step length symmetry under the no-distraction and distraction conditions at each distortion level. We employed SPSS software for all statistical analysis (SPSS Inc., version 18). The linear relationship between distortion and gait symmetry changes was also analyzed using correlation analysis and indicated by Pearson correlation coefficients. We employed MATLAB function ''corrcoef'' to perform the correlation analysis (MathWorks Inc., version R2007a).
Results
Figure 2 shows an example of changes in step length symmetry (expressed as a ratio) as a function of time for a subject obtained for two different conditions (no-distraction and with-distraction conditions). A stride consists of a right and a left step, so the number of points in the plot indicates the total number of strides during the trial. Each point represents the step length symmetry of each stride. The intermittent horizontal lines in the plot indicate the applied distortion increments and decrements at a given period. As shown in Fig. 2 , we observed a marked upward or downward trend in step symmetry, tracking the visual feedback distortions. Note that during the distraction task, the amount of change in the step symmetry was reduced. Fig. 1 Visual feedback display. The range of the right and left step length was mapped to the visual feedback bars, shown in the bottom row. During the swing phase of a leg, the corresponding bar increased in real time proportional to the step length and stops when heelstrike occurs for that leg. The range of step length mapped to the visual bar was then gradually distorted Exp Brain Res (2012) 218:495-502 497 Figure 3a shows an example of the variability in step length symmetry during normal treadmill walking (nodistortion and no-distraction condition) averaged across nine subjects during the design phase of the experiment. Error bars represent ± one standard deviation (SD). The changes of step length symmetry indicate a small degree of fluctuation over time. However, there were no significant variations in step length symmetry over the entire trial (F(7,64) = 0.838, p = 0.56). On the other hand, Fig. 3b shows the changes in step length symmetry under visual distortion with two different conditions (no-distraction and with-distraction), averaged across twelve subjects, as a function of varying visual feedback distortion. The bars represent the mean step symmetry values induced by visual distortions. On average, the mean step length symmetry steadily increased and then decreased according to the visual feedback distortions, indicating that distortion affected gait symmetry. The statistical analysis showed that there were significant effects of the distraction (cognitive load) and of the distortion level on visually perturbed step length symmetry, F(1,11) = 50.508 (p \ 0.001) and F(14,154) = 16.884 (p \ 0.001), respectively. The interaction test showed that the effects of the distortion levels on step length symmetry were different depending on the distortion conditions and on the distortion levels (p \ 0.001). During the period when the distortion was increased, significant changes in step length symmetry were found (p \ 0.001) at the distortion levels that were equal and greater than 108% compared to the baseline (100% distortion level). Under the distraction condition, significant changes in step length symmetry were found (p \ 0.001) at the distortion levels that were equal and greater than 112% compared to the baseline. These significant changes were indicated by the solid arrows in Fig. 3b .
As shown in the plot, under the distraction condition, the effect of visual distortion on changes in step symmetry was reduced. As indicated by asterisks (*) in Fig. 3b , in the distraction task, paired t tests for distinct distortion levels showed that the effect of visual distortion on step symmetry modulation was significantly lower than in the no-distraction trial over the entire trial except for the first 6% and last 4% distortion (p = 0.0141, 0.0007, 0.0002, 0.0017, \0.0001, 0.0019,\0.0001, 0.0053, and 0.0168, respectively).
To quantitatively estimate the extent to which visual feedback distortions have induced the step asymmetry, we measured tracking performance indicating the percentages and how much the induced step symmetry tracked the applied visual distortion. This performance was defined by 100 Â ðthe induced step length symmetryÀ100Þ ðthe applied distortion rateÀ100Þ
. Thus, a 100% tracking performance implies that an induced step asymmetry has tracked perfectly to a visual distortion, and 0% means that a visual distortion has not affected the gait at all (step symmetry is still 100%, indicating being symmetric). Figure 4 shows the tracking performance for the no-distraction and the with-distraction conditions, obtained from the group mean step length symmetry values, as a function of visual distortion level. During the first-half period when the distortion was increased, it was observed that the amount of induced step symmetry looked relatively steady regardless of the level of distortion. The mean tracking performance values were 55.1 ± 4.6 and 33.3 ± 5.0% for the no-distraction and the with-distraction conditions, respectively. In order to estimate the strength of the relationship between visual distortion and induced step asymmetry, we also examined their correlation. On average for twelve subjects, correlation analyses revealed a moderate trend toward modulating step symmetry in response to visual feedback (Fig. 5 ). With the distraction task, the correlation Fig. 2 Example of changes in step length ratio as a function of changes in visual distortion. The horizontal axis shows time; the vertical axis shows step length ratio between the left and right actual step lengths. The white circles represent the ratios during the nodistraction condition, and the solid squares represent those during the distraction condition. The intermittent horizontal lines indicate distortion increments applied during those time periods. This plot indicates that the step symmetry was implicitly modulated in response to visual feedback distortion became less significant. For each set of individual subject data from only the no-distraction trial, the step symmetry values during the increasing distortion period were subtracted from those during the decreasing distortion period at the same distortion levels. The subtracted values are displayed in a histogram plot whose bin width is 0.4%.
Discussion
Effects of distorting visual feedback on step length symmetry Human locomotion appears to be more than central pattern generators. It appears to require the integration of different sensory information including visual, vestibular, and somatosensory systems (Armstrong 1986; Rossignol 1996) . In particular, gait patterns are not only explicitly but also implicitly influenced by visual feedback. It has been shown that changing the speed of virtual environments using virtual reality technology influences balance or modulates walking speed (Prokop et al. 1997; Varraine et al. 2002; Lamontagne et al. 2007; Sheik-Nainar and Kaber 2007) . These results suggest a link between the visual perception of movement and locomotion. While numerous studies have examined the role of visual information on the control of different gait parameters, very little attention has been devoted to utilizing them to modulate gait during rehabilitation. Here, we have investigated the role of visual information in driving change in gait pattern using a Fig. 3 a Example of variability in step length symmetry ± one standard deviation during the 4.5-min trial, averaged across nine subjects during no-distraction and no-distraction treadmill walking. The horizontal axis shows time, and the vertical axis shows changes in mean step length symmetry ratio. b Changes in step length symmetry (ratio) as a function of varying visual feedback distortion ± one standard deviation, averaged across all experimental subjects during no-distraction and with-distraction conditions and across the control condition. The gray bars show changes for the no-distraction condition, and the black bars show them for the distraction condition. The horizontal axis shows changes in the distortion rate from the onset of the trial, and the vertical axis shows changes in mean step length symmetry ratio. The step length ratio was calculated by 100 Â ðthe measured left step lengthÀ100Þ ðthe measured right step lengthÀ100Þ . The small circles indicate distortion changes applied during trials. Only during the first half of the trial when the distortion was increased were the solid arrows marked at distortion levels where the step symmetry values were significantly different from the initial 100% period (p = 0.001, \0.001, \0.001, and \0.001 for no-distraction task, and p = 0.002, and 0.001 for with-distraction task). The asterisks (*) were marked at distortion levels where the induced step symmetry values were shown to be significantly different between the no-distraction and with-distraction conditions (p = 0.0141, 0.0007, 0.0002, 0.0017, \0.0001, 0.0019, 0.0009, 0.0053, and 0.0168, respectively) paradigm of implicit visual feedback distortion. We provided healthy subjects with visual feedback of their step length during treadmill walking (Fig. 1) and implicitly (i.e., without subject knowledge) distorted the visual feedback in a way that subjects perceived their step symmetric pattern as being asymmetric.
At this point, we demonstrated that the implicit visual feedback distortion influenced all subjects and induced them to modulate their gait step symmetry (Figs. 2 and 3b) . Moreover, the observed step symmetry systematically increased or decreased according to the distortion levels. This suggests that subjects spontaneously modulated their spatial gait pattern to compensate for the asymmetric representations of visual feedback. In addition, we observed some differences in the slope of induced step symmetry versus visual distortion level between the increasing and the decreasing distortion periods. We observed during the correlation analysis (Fig. 5 ) that the slope of downward trend in step symmetry was slightly lower than the upward trend in both the no-distraction and the with-distraction trials. We are presently investigating this apparent ''hysteresis'' and speculate that, perhaps, these results may indicate a different timeline or phases for the implicit adaptation.
Interestingly, during post-experiment debriefing, all of the subjects neither noticed the visual distortions nor noticed changes in their gait symmetry. They reported that they were maintaining their natural gait pattern, remaining unaware of changes away from a symmetric gait pattern. Therefore, we speculate on whether the role of supraspinal function through visual system is the most dominant form of feedback. If true, then the proprioceptive signals coming from the lower limbs and potentially driving central pattern generators are subordinate to the supraspinal ones in gait control (Pailhous et al. 1990; Varraine et al. 2002) . This result might provide an important step toward future gait therapy strategies: While we cannot rule out the importance of the central pattern generators residing at the spinal cord level for gait in humans (Bussel et al. 1996) , our results suggest the significant role of supraspinal function in gait control through visual system.
Effects of cognitive loading on modulation of gait symmetry
To confirm whether the effects of distorting visual feedback on gait modulation would entail implicit processes, we included a cognitive distraction task that would reduce Fig. 4 Tracking performance of the induced step length symmetry for the no-distraction and the with-distraction conditions, obtained from the group means. The performance value was defined by 100 Â ðthe induced step length symmetryÀ100Þ
ðthe applied distortion rateÀ100Þ
. The left plot shows changes in tracking performance in the first-half trial where the distortion was increased, and the right plot shows them in the last-half trial where distortion was decreased. The horizontal axis shows changes in distortion level. The circles in the plot represent tracking performance in the no-distraction condition, and the squares represent the distraction condition Fig. 5 Mean correlation coefficient calculated between the changes in step length symmetry and the changes in visual distortion level, from the no-distraction and the with-distraction conditions, when the distortion was increased (left) and decreased (right) cognitive resources and impact executive function. We saw an overall reduction in the effect of visual feedback distortion (Figs. 3b, 4 , and 5). As shown in Fig. 3b , the relationship between the changes in visual distortion and the changes in step symmetry in the distraction trial was smaller than in the no-distraction trial. In other words, the distraction task required a larger change in distortion level in order to induce significant changes in the step symmetry. Although higher-level cognitive resources are not necessarily confined to conscious or voluntary action, these results indicate that higher-level cognitive resources might be associated with the observed gait modulation produced by the visual distortion, which may corroborate the role of supraspinal involvement in walking (Rossignol 1996; Hausdorff et al. 2005) . However, the implicit nature and effect of visual distortion on gait is a robust phenomenon, with subjects altering their gait pattern away from symmetry when the visual feedback was distorted even in the presence of an explicit distraction task.
Walking with a symmetric pattern should be ''automatic'' in our experiment because subjects were not deprived of their proprioception information, which was unchanged here. However, the subjects were not able to perform symmetric gait when the visual feedback was distorted. It was as though the visual feedback distortion modulated the spatial parameters of locomotion despite the fact that subjects thought that they walked normally. Thus, this observation suggests that implicit visual feedback distortion used in this study may have an important role when compared to proprioceptive inputs during walking. In our study, the visual feedback distortion alters the predicted visual consequences of the motor commands such that the step length symmetry displayed in a computer screen is not where it is expected to be. We speculate on whether such prediction error in visual sensory may drive the spontaneous modulation of step length symmetry (Tseng et al. 2007; Shadmehr et al. 2010) . It has been shown that the motor system generally responds to sensory prediction errors by stressing a more implicit strategy (Bronstein et al. 2009 ).
Utilizing visual feedback distortion as a rehabilitation intervention
Our results suggest the potential of employing visual information during gait therapy. The visual information we provided consisted of simple bar graphs representing step length, and these did not evoke any illusion in the visual field on the retina. However, subjects spontaneously responded and also modulated their gait pattern in response to this implicit visual feedback distortion. These results might herald a promising approach for gait rehabilitation because the paradigm of implicit visual feedback distortion can be used as a therapeutic intervention to drive correction of affected gait patterns or to encourage subjects' movements. Our result complements Malone and Bastian (2010) , who in a split-treadmill perturbation walking study found that healthy subjects trained with a dual paradigm that included a distraction task retained after-effects longer than subjects who received explicit correction instructions, suggesting that implicit processes engaged in the distraction group may lead to improved retention (Malone and Bastian 2010) . This is particularly important in rehabilitation as ultimately we are interested in optimizing recovery and retention of improvement gains. Therefore, the potential of using such implicit visual distortion for gait rehabilitation might lead to a better motor retention process.
Conclusion
The present study investigated the effect of an implicit visual feedback distortion paradigm on influencing modulation of step length symmetry (a spatial gait pattern). Our results showed that subjects spontaneously modulated their gait symmetric pattern away from actual symmetry according to the implicit distortion of visual feedback. The effect of visual feedback distortion on changes in step symmetry appears to involve both cognitive and implicit resources and might be employed as an approach to shape and challenge patients during rehabilitation robotics.
